globin arranged in a regular form, with the hemoglobin being held in position by electrostatic charges. In unfixed blood cells the structure is not likely to be rigid but it seems possible that there is a stroma-hwmoglobin network which maintains the cell shape, or represents some basic structural design. Burton & Shrivastava (1968) have postulated that the membrane surface contains a number of regularly spaced discontinuities which are the centres of electrostatic charges, and that these charges are conducted through the cell by long chains of protein molecules oriented to maintain the characteristic shape of the red cell. Our observations give support to this idea.
In some diseases different appearances have been observed. Those of sickle cell disease have already been reported (Lewis et al. 1968) whilst in blood for a patient with Hb-Koln after six minutes etch, material which is likely to be Heinz bodies has been seen ( Fig 5) and a fifteen-minute etch in hydrogen has shown that the hemoglobin has variable resistance to etching, presumably because of altered molecular structure.
In collaboration with Dr J Williamson of the National Institute for Medical Research we have looked at malaria-infected red cells. The source for this has been heavily parasitized blood from an experimentally infected rhesus monkey. Unetched samples showed progressive distortion of the infected red cells corresponding to the increased crenation associated with schizont maturation, whilst etched samples showed internal structure corresponding to the stages of parasitic development as seen in the light microscope (Lewis et al. 1969) .
Nucleated cells provide another model for study. In the normoblast the nucleus is clearly seen. By varying the degree of etching it is possible to remove the cytoplasm of a cell leaving the nucleus intact (Fig 6A, B ) and the method might be used for studying cell development and maturation.
Obviously, a great deal of systematic work needs to be done to standardize the etch procedure so that the significance of variations from normal can be appreciated and the micrographs of ion-etched specimens can be interpreted. It is clear, however, that this method opens up exciting new possibilities for electron-microscope studies of blood and other biological material. Until recently, nerve biopsy was performed only rarely. It was generally considered that, except in certain restricted instances, the information obtained did not justify the procedure. Over the past few years, however, a number of centres have employed nerve biopsy quite extensively in the investigation of peripheral neuropathies. Several factors have contributed to this change in attitude. The introduction of nerve conduction studies as a diagnostic procedure about fifteen years ago posed questions as to the nature of the underlying histopathological alterations that could not be answered in terms of what was then known about peripheral nerve pathology. Moreover, the application of the quantitative histological techniques developed during the second world war for the investigation of experimental peripheral nerve injuries in animals considerably augmented the amount of information that could be derived from biopsy specimens in man. Thirdly, the introduction of electron microscopy provided the opportunity of examining the histopathological changes at the ultrastructural level. In this paper, the nature of the additional information that electron microscopy may yield in the examination of nerve biopsies will be considered.
Normal axons contain a variety of organelles, including neurofilaments, neurotubules, mitochondria and agranular endoplasmic reticulum. The way in which axonal breakdown occurs during wallerian degeneration has been investigated experimentally in animals. There is no reason to suppose that the changes would not be similar in man. Of greater interest in relation to human neuropathology are the observations on experimental neuropathies in animals that suggest that the ultrastructural changes in axons may differ in those neuropathies in which there is a primary axonal degeneration from those that take place in true wallerian degeneration, that is secondary to axonal interruption. For example, BiEchoff (1967) has reported a striking hypertrophy of the agranular endoplasmic reticulum in experimental tri-ortho-cresyl phosphate neuropathy during the early stages of paralysis. A further type of axonal change has been observed in experimental isoniaz;d neuropathy (Schlaepfer & Hager 1964) , acrylamide neuropathy (Kocen 1969, unpublished observations) and thiamine deficiency (Collins et al. 1964 ). In the paranodal region, the axons possess multiple processes of varying size, and within the larger axonal outpouchings are sequestered numerous mitochondria and dense lamellar bodies known to be of lysosomal nature. The explanation of these changes is so far not understood, but their interest lies in the fact that they have now been d&scribed in three different axonal degenerations. Lampert (1967) has defined several differing patterns of axonal dystrophy in the central nervous system, but so far this question has not been examined systematically in human peripheral neuropathies. There are clearly various appearances that require explanation. Thus, in diabetic neuropathy clumps of thick filaments denser than neurofilaments may be present (Thomas 1969, unpublished observations) , similar to those that may occasionally be encountered in normal nerve (Ochoa & Mair 1969) .
Although quantitative estimations of the unmyelinated nerve fibre population of peripheral nerves have been made by light microscopy employing silver impregnation methods, it is evident that the smaller unmyelinated axons will not be resolved. In certain neuropathies, in particular those in which disturbances of autonomic function are prominent such as diabetic and amyloid neuropathy, the examination of the unmyelinated axons is obviously of importance, and this is an aspect of peripheral nerve pathology that requires electron microscopy. Quantitative estimations of unmyelinated axon population and size distribution are now available for the human sural nerve (Ochoa & Mair 1969) . There is a unimodal distribution of axon diameter, the unmyelinated axons outnumbering the myelinated by approximately four to one.
A recent study by Dyck & Lambert (1969) has demonstrated the selective loss of unmyelinated and small myelinated axons in amyloid neuropathy, and although unmyelinated fibre density has not been assessed quantitatively in diabetic neuropathy, it is clear that these axons may display degenerative changes (Thomas 1969, unpublished observations) . Degenerative changes were also recently desci ibed in unmyelinated axons by Bischoff et al. (1968) in a case of Fabry's disease with an associated autonomic neuropathy.
Turning from axons to a consideration of Schwann cell abnormalities, evidence of segmental demyelination has been observed in a variety of demyelinating neuropathies, but the appearances reported have not so far added greatly to what could be seen by light microscopy. However, one long outstanding question that required the electron microscope for its solution was the nature of the proliferating cells in hypertrophic neuropathy. The argument as to whether fibroblasts or Schwann cells gave rise to the characteristic onion-bulb formations has now been firmly established in favour of the Schwann cells (Dyck 1966 , Garcin et al. 1966 , Thomas & Lascelles 1967 , Webster et al. 1967 , Weller 1967 . The occurrence of hypertrophic changes in diabetic neuropathy is part of the evidence that they are a nonspecific consequence of repeated demyelination and remyelination (Ballin & Thomas 1968 ).
The electron microscope is beginning to provide information about the nature of the Schwann cell inclusions that may occur in a number of neuropathies. The ultrastructural features of the Schwann cell inclusions in metachromatic leukodystrophy have been described by Webster (1962) and Cravioto et al. (1966) . Schwann cells also contain lamellar structures that seem to be equivalent to the Reich granules observed by light microscopy (Thomas & Slatford 1964) . They are probably lysosomal residual bodies. Bischoff (1968) has recently reported that they are abnormally numerous in diabetic neuropathy and has interpreted this as evidence of a disturbance of lipid metabolism.
Of the cellular components of peripheral nerves, the Schwann cells, the perineurial cells and the cells of the vessel walls possess basement membranes. Bischoff (1968) has claimed that the Schwann cell basement membrane is increased in thickness in diabetic neuropathy, and this inter-esting observation merits further study. Although there has been much debate as to the importance of vascular changes in diabetic neuropathy, it has now been demonstrated by Raff et al. (1968) in a case of diabetic multiple mononeuropathy that infarction of nerve may be topographically related to involvement of the vasa nervorum by 'diabetic microangiopathy', that is, narrowing or occlusion of small vessels by thickening of their walls with PAS-positive material. Electron microscopy shows that this material consists of reduplicated perivascular basement membrane.
Finally, the perineurium merits a brief mention, as it is likely that more will be heard about this intriguing component of peripheral nerve in relation to peripheral neuropathy. The flattened perineurial cells are known to act as a diffusion barrier around the fascicles and recently it has also been suggested that they have a contractile function (Ross & Reith 1969 ). An interesting observation is that in Fabry's disease, in addition to deposition in the endothelial cells of the vasa nervorum, glycolipid droplets are present in perineurial cells , Kocen & Thomas 1970 ).
In conclusion, it will be evident from this brief and necessarily incomplete survey that, at present, electron microscopy has little to offer in the routine examination of nerve biopsies for the purpose of arriving at a diagnosis. However, it has already proved of considerable value in the elucidation of the underlying pathological mechanisms in peripheral neuropathy and undoubtedly will continue to yield dividends in this direction for some time to come.
Dr Peter Hudgson (Muscular Dystrophy Research Laboratories, Newcastle General Hospital, Newcastle upon Tyne NE4 6BE) The Value of Electron Microscopy in Muscle Biopsies
The role of the electron microscope in the diagnosis of muscle disease is limited. Standards of normality are by no means firmly established and the accurate interpretation of abnormalities depends in the first place on the technical excellence of the material being examined. Every phase of the processing of skeletal muscle, fixation, embedding, sectioning, and even examination in the instrument itself, is critical. Any deviation from the most obsessive attention to detail during these procedures may result in distortion or even complete destruction of the muscle sample. The sampling error can be enormous; many completely normal muscle fibres can be seen in cases of preclinical Duchenne dystrophy where up to 80 % of the fibres appear to be abnormal by light microscopy (Hudgson, Pearce & Walton 1967) .
None the less, the electron microscope has rendered signal service in shrinking that unsatisfactory miscegenation of unrelated entities, the congenital hypotonias and myopathies. It is in fact in this field that the study of the ultrastructure of diseased human skeletal muscle has enabled us to define several new nosologically distinct entities, e.g. central core disease (Shy & Magee 1956) and nemaline myopathy (Shy et al. 1963) . In such conditions relatively specific ultrastructural abnormalities can be recognized in the muscle fibres. These serve first as a means of making an accurate pathological diagnosis and, secondly, they assist in clarifying problems of classification. Electron microscopy of skeletal muscle may also be helpful diagnostically in some metabolic myopathies and particularly in the periodic paralyses, where the muscle fibres often appear to be entirely normal at the light microscope level between attacks. In this group of conditions characteristic ultrastructural changes in the muscle fibres can be identified at any stage of the disease (Bradley 1969) . In addition to its diagnostic value in the congenital myopathies and in metabolic disturbances, the electron microscope has made a significant contribution to the elucidation of pathogenetic mechanisms in these conditions. This may well prove to be the most useful practical application of electron microscopy in the study of muscle disease.
In considering the ultrastructural abnormalities revealed by the electron microscope in pathological muscle I will first deal with those non-
